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Introduction
Chalcogenide glasses are a family of semiconducting materials that have been studied extensively, particularly for their application in infrared optics [1] . Ternary As-SbSe glasses were widely studied in the 1980s and 1990s and were recently "rediscovered" owing to their application for rewritable optical storage, e.g., [2, 3] . Understanding the structure of these materials is currently in the spotlight.
The phase diagram of the As 2 Se 3 -Sb 2 Se 3 pseudo-binary system, showing that this stoichiometric system exhibits simple eutectic behavior, was presented by Berkes and Myers in a study of phase relations and liquid structure in the system As-Sb 2 Se 3 -Se [4] .
The authors do not state the exact eutectic composition, but based on the presented phase diagram, it can be estimated to be approx. 11 mol.% Sb 2 Se 3 . The eutectic temperature was found to be 363 ± 5 °C, which is close to the melting temperature of As 2 Se 3 , T ons. = 370 °C.
Platakis and Gatos studied the devitrification kinetics in an (As 2 Se 3 ) 100-x (Sb 2 Se 3 ) x system 3 using either illumination by a 450 W xenon lamp or slow cooling of the melt. From melts with low Sb contents, the monoclinic As 2 Se 3 phase was found to crystallize, whereas the orthorhombic Sb 2 Se 3 phase crystallizes for Sb-rich melts [5] . Das et al. [6] investigated the thermodynamic and kinetic behavior of (As 2 Se 3 ) 100-x (Sb 2 Se 3 ) x alloys. They noticed that the glass transition temperature increases in the range 198 to 202 °C with increasing Sb 2 Se 3 concentration, and the crystallization rate decreases. In addition to the glass transition, Sawan et al. [7] studied the electrical properties of As-Sb-Se glasses and found that Sb can be added to As 2 Se 3 in amounts of up to approximately 19 at.% to preserve the glassy state.
Kato et al. reported the thermal properties and structure of As-Sb-Se and As-Sb-S glasses [8, 9] and the far-infrared reflectivity and Raman spectra of As-Sb-Se and As-Sb-S glasses [10] . They observed two dominant IR modes corresponding to (AsSe 3/2 ) and (SbSe 3/2 ) pyramidal units. The infrared intensity of the (SbSe 3/2 ) unit was found to be more than twice as strong as that of the (AsSe 3/2 ) unit. Mahadevan, Girindhar and Singh [11] intensively studied the calorimetric properties of As-Sb-Se glasses. In one of the most recent papers on As-Sb-Se glasses, Deli et al. [12] correlated the glass transition temperature with the optical gap and observed that the optical gap increases when T g rises.
From structural analyses published in the literature [13] [14] [15] [16] , 77 Se MAS NMR appears to be a very significant tool for the structural description of selenium-containing glasses, notwithstanding a low 77 Se sensitivity resulting from its low natural abundance (7.58 %) and long longitudinal relaxation time (between 300 and 600 s [17] [18] [19] ). The obtained results have confirmed the validity of the chain-crossing model for As x Se 1-x glasses for compositions rich in Se (0<x<0.4). Freitas et al. [20] studied As-Se-S glasses using Raman spectroscopy. They reported the presence of mixed pyramidal AsSe 3−x S x units for all x.
The existence of these units precludes a phase separation in the studied glasses. G. Delaizir 4 et al. [21] , using wide-angle X-ray scattering and 77 Se MAS NMR, observed that the progressive introduction of tellurium in As 3 Se (7-x) 
Experimental techniques
XRD analysis of as-quenched glasses and the samples after DSC scans were performed using a D 8 Advance diffractometer (Bruker) using CuKradiation  = The temperature dependence of both the isobaric heat capacity and enthalpic changes of kinetic events were obtained. StepScan DSC measurements were carried out in the temperature range of 50 to 450 °C with a temperature step of 1 °C, a heating rate of 10 °C/min, an isotherm duration 60 s and a maximal heat flow change allowed before next step of ±0.005 mW. For more details on this technique, see [24, 25] . The crystallization of glass-forming melts was studied by heating in conventional DSC mode with a heating rate of 10 °C/min.
Raman scattering measurements were carried out using an FTIR spectrometer IFS -55 with a Raman attachment FRA 106 (both Bruker) and a liquid nitrogen-cooled germanium detector. A Nd:YAG laser (1064 nm) was used for scattering excitation.
Raman spectra were recorded at room temperature as an average of 250 scans with a resolution of 1 cm -1 . Experimental spectra were reduced according the relation proposed by Shuker and Gammon [26] .
The 77 Se MAS NMR spectra were recorded at room temperature on an Avance 300
Bruker spectrometer operating at 57.28 MHz with a 4 mm MAS probe. The spectra were recorded with a spinning speed of 15 kHz, simultaneously averaging the chemical shift and reducing the homonuclear dipolar interaction between Se atoms. A Hahn spin echo 7 sequence was applied to refocus the magnetization. Fourier transformation was performed on the entire magnetization to improve the signal-to-noise ratio and avoid any distortion of the baseline. The processing and acquisition parameters were as follows: 3.5 µs /2 pulse duration (7 µs for the  pulse), 300 s recycle time, 1 MHz spectral width, time domain 1 K, 3000 accumulated scans. The external reference used for the chemical shift was a saturated solution of Me 2 Se in CDCl 3 [27] .
Chemometric analysis, specifically, multivariate curve resolution (MCR), included in the Solo+MIA chemometric software (Eigenvector Research Inc., USA) was used for analysis of the sets of Raman and 77 Se MAS NMR spectra. The objective of MCR is to extract concentration profiles and pure component spectra. It is expected that data can be decomposed as nonnegative concentrations times nonnegative spectra, which is fulfilled in our case.
Results and discussion
Thermoanalytical study
EDX analysis confirmed, within the margins of the experimental error ± 1%, the nominal compositions of all bulk samples and of the Sb 2 Se 3 thin film. XRD did not find diffraction peaks for crystals either in the samples (As 2 Se 3 ) 100-x (Sb 2 Se 3 ) x for x = 0-50 or in the Sb 2 Se 3 thin film. However, bulk samples for x > 50 were partially crystallized and thus were excluded from the study.
Although XRD analysis verified that the Sb 2 Se 3 thin film is non-crystalline, neither conventional DSC nor StepScan DSC could find its glass transition [28] . This is not an isolated case for thin films; in fact, a glass transition was also not observed for, e.g., [24] . The small increase in T g when 50% of the composition is changed can be explained by the fact that the bond energies of As-Se (1.80 eV) and Sb-Se (1.86 eV) are close to each other [31] and the geometry of the basic structural units are the sametrigonal pyramids. However, substitution of arsenic by antimony causes a decrease in the isobaric heat capacity at the glass transition temperature, C p glass (T g ), for x between 5 and 10 mol.% of Sb 2 Se 3 (Fig. 2) . This can be understood considering the greater mass of antimony by a factor of 1.6 compared to that of arsenic and therefore the lower vibrational energy.
However, compositional dependence of C P changes slightly over the whole glass-forming region, maximally by 0.016 J/(g.K) (Fig. 2) . This finding agrees well with the facts that the 9 only structural unit over the whole compositional range is a trigonal pyramid and that the bond energies of As-Se and Sb-Se are very similar. Thus, the changes in the vibrational amplitudes during the glass transition, i.e., the changes between glass and its undercooled melt at T g , are only slightly compositionally dependent.
To obtain information on the undercooled melt stability, all bulk glasses were studied during heating by conventional DSC. First, one and then two broad crystallization peaks were observed depending on the content of Sb 2 Se 3 . The temperature of the second exothermic peak (this one at a lower temperature) decreases with increasing antimony content while the peak becomes sharper (Fig. 3) . Thus, the temperature range of undercooled melt stability decreases, and consequently, the glass-forming ability by melt cooling decreases. XRD analyses indicate that for x ≤ 20, only As 2 Se 3 crystallized, whereas when x  20, both As 2 Se 3 and Sb 2 Se 3 undergo crystallization. These results agree with the eutectic phase diagram of the studied binary stoichiometric system [4] . For x ≤ 10, the crystallization of arsenic triselenide agrees with the phase diagram because the eutectic composition is close to 11 mol.% Sb 2 Se 3 . However, for x > 10, the stoichiometric compound able to crystallize should be antimony triselenide; however, surprisingly, crystals of both stoichiometric selenides were found by XRD. This behavior can be understood by considering that the addition of Sb 2 Se 3 to As 2 Se 3 has a radical effect on the viscosity of the melt and the crystallization kinetics of As 2 Se 3 crystals [4] . Pure As 2 Se 3 is extremely viscous, and crystals grow very slowly, whereas at a composition of 20 mol.% Sb 2 Se 3 , devitrification with the relatively rapid formation of As 2 Se 3 crystals is relatively easy.
Regarding the endothermic peaks, their temperature decreases from the melting temperature of As 2 Se 3 to the eutectic temperature for the samples with x lower than 20; for 10 higher values, they remain independent of chemical composition (Fig. 3) . Remarkably, a low area of the As 2 Se 3 melting peak (low enthalpy change) is related to the extreme viscosity of the As 2 Se 3 melt, as mentioned in the previous paragraph. A compositional peak shift observed for lower concentrations of Sb 2 Se 3 (x < 20) corresponds to the shift of the dissolving peak of crystalline As 2 Se 3 in the melt. However, the eutectic temperature is very close to the melting temperature of As 2 Se 3 ; thus, the peaks of eutectic melting and the ensuing dissolution of As 2 Se 3 merge into a single broader peak. This merging peak shifts to the eutectic temperature with increasing content of Sb 2 Se 3 . For samples with x = 20 and higher, i.e., samples with over-eutectic contents of Sb 2 Se 3 , only eutectic melting is observed in Figure 3 
Structural study-Raman spectroscopy and 77 Se MAS NMR
The main feature of the set of Raman spectra is a broad band with the maximum more or less monotonically shifting from 233 to 191 cm -1 and a decreasing shoulder at approx. 239 cm -1 when the content of Sb 2 Se 3 increases (Fig. 4) . Based on the realistic supposition that the structural units of studied glasses are AsSe 3/2 and SbSe 3/2 trigonal pyramids only [8, 9, 10] , the compositional dependence of the Raman spectra simply reflects the fact that one structural unit replaces another isostructural one. Stemming from the fact that only one glass transition was observed for each type of glass, one must suppose selenium bridges (=As-Se-Sb=) to be an interconnection of arsenic-and antimonybased trigonal pyramids. Using multivariate curve resolution (MCR), chemometric analysis of the set of Raman spectra showed that the studied glasses can be well 11 characterized by the linear combination of the three independent components (see Fig. 5 ).
The variance captured by the MCR model is better than 99 %. Two of the resolved components on the inset of pyramids; this corresponds to a composition of x = 50, and the vibrational modes are modes of =As-Se-Sb=. A comparison of experimental and reconstructed spectra and residuals is shown in Fig. 6 . We must stress that because the system under study is pseudobinary and stoichiometric, MCR analysis was also tested for only two components, but reconstruction of experimental spectra was practically impossible; the error reached almost 40 %.
To obtain the compositional dependence of three possible selenium bridges,
77
Se MAS NMR spectra were recorded for all (As 2 Se 3 ) 100-x (Sb 2 Se 3 ) x bulk glasses (x = 0 to 50) and for amorphous Sb 2 Se 3 thin films (Fig. 7) . Owing to the low abundance of 77 Se and its long longitudinal relaxation time, the signal-to-noise ratio is poor. The glassy network of As 2 Se 3 (x = 0) composed of Se-connected AsSe 3/2 pyramids gives rise to a single line centered around 390 ppm relating to an As-Se-As unit [13] [14] . The initial line of As 2 Se 3 becomes increasingly asymmetric when the substitution of arsenic by antimony gradually increases. Thus, the broad spectrum encompasses a growing component at a lower chemical shift corresponding to the chemical shift of the 77 Se that is related to Sb-Se-As and maybe to Sb-Se-Sb for the richer composition in Sb. Using MCR, the chemometric 12 analysis of the set of 77 Se MAS NMR spectra has also been performed, and three different selenium sites and the compositional dependencies of their scores were identified (Fig. 8) .
The detection of these three contributions is consistent with the twofold coordination state of selenium in chemistry. As in the case of Raman spectra, the model captures more than 99 % of the variance of experimental data. Using the MCR results, the experimental spectra were reconstructed (see Fig. 9 ). Based on the chemical composition dependence of selenium site intensities, the first site characterized by a chemical shift of 393 ppm is related to selenium in the =As-Se-As= structure, which is in full agreement with previous studies [14] [15] [16] [17] . At the opposite side of the chemical shift scale, the line at -19 ppm is quite logically assigned to =Sb-Se-Sb= sequences. Thus, the third site, characterized by an intermediate chemical shift value of 206 ppm, is ascribed to the =As-Se-Sb= structural unit. The compositional trend of the fractions of these three sites obtained by MCR, Fig. 8 , is basically the same as that obtained by the aforementioned analysis of Raman spectra (Fig. 5) . The studied system can be shown as a solid solution formed by randomly distributed trigonal pyramids of AsSe 3/2 and SbSe 3/2 interconnected by mutual singleselenium bridges. This view agrees with the structure of (As 2 S 3 ) 100-x (Sb 2 S 3 ) x proposed on the basis of infrared reflectance spectroscopy, [22] .
The fraction of structural units obtained by both Raman and NMR spectroscopy for each studied composition, Figs. 5 and 8, were averaged, and these mean values were compared with the two structural models, namely, a "chains crossing model" (CCM) and a "random covalent network model" (RCNM) (Fig. 10) , for deeper elucidation of the structure of the studied glasses. The result shows that structure of glasses is "halfway" between these structural models. This is surprising because the current system is stoichiometric and pseudobinary and the As-Se and Sb-Se bond energies are similar; thus, no bonding partner 13 of selenium should be preferred. Therefore, the structure of the glasses should be close to the ideal solution, and the RCN model should be suitable for its description. However, the deviation toward a CCM shows that =As-Se-Sb= bridges are somewhat more preferred.
Entropy may have been responsible, but this has yet to be elucidated.
Conclusions
The basic thermoanalytical characteristics and structure of (As 2 Se 3 ) 100-x (Sb 2 Se 3 ) x bulk glasses covering the whole glass-forming region (x = 0-50) and Sb 2 Se 3 thin films (x = 100) used as the second border composition were studied by DSC, StepScan DSC and both
Raman and 77 Se MAS NMR spectroscopies.
The glass transition temperature was found to increase slightly from 184 to 190 °C when the content of Sb 2 Se 3 increases from x = 0 to 50. The glass transition of Sb 2 Se 3 was not found. At the same time, when the glass transition increases, the isobaric heat capacity of glasses, which is measured at the glass transition onset on the glass side of the glass transition, decreases because arsenic atoms are replaced by antimony, which has a significantly higher atomic mass. Conversely, the compositional dependence of the change of isobaric heat capacity during glass transition is small, showing that structural changes between glasses and their undercooled melts are compositionally nearly independent. The undercooled melts are unstable and undergo crystallization when heated; for x  20, only arsenic triselenide crystallizes; for higher x, both As 2 Se 3 and Sb 2 Se 3 crystalline phases were identified.
Raman spectroscopy, 77 Se MAS NMR and especially chemometric analyses of compositional dependencies of both sets of spectra showed that the structure of the glasses over the whole glass-forming region is based on randomly distributed AsSe 3/2 and SbSe 3/2 14 trigonal pyramids bridged by common selenium atoms at the vertices of the pyramids.
These findings indicate that the structure of glasses of a pseudobinary stoichiometric system substantially corresponds to the transition structure between models known as a "random covalent network model" (RCNM) and a "chains crossing model" (CCM). These conclusions are rather in agreement with previous works carried out in binary selenide systems, As x Se 1-x [14, 16, 17] and Ge x Se 1-x [15, 18, 19] . Moreover, the present study shows that chemometric analysis is a very fruitful way to obtain some structural information from poorly resolved solid-state Raman and NMR spectra. To the best of our knowledge, this is the first time that such analyses have been carried out in that frame.
Literature
Figure captions 
